Previous studies from this laboratory have demonstrated that the redistribution of blood volume and concomitant central hypervolemia induced by water immersion to the neck (NI) produces a prompt and profound suppression of plasma renin (PRA) and plasma aldosterone (PA) without concomitant alterations in serum sodium and potassium concentrations. The NI model was used to assess the responsiveness of both PRA and PA in cirrhosis. Sixteen cirrhotic patients were studied twice while in balance on a 10 mEq sodium, 100 mEq potassium diet, under control conditions and during NI. The conditions of seated posture and time of day were identical. Plasma for PRA and PA was obtained at 30-minute intervals for 6 hours. NI produced profound suppression of PRA as early as 60 minutes with maximal suppression (70%) by 150 minutes (P < 0.005). Recovery from NI was associated with a prompt return to prestudy levels. PA was suppressed within 60 minutes with a maximal suppression of 59% by 240 minutes (P < 0.005) and a prompt return to prestudy levels during recovery. The suppression of PA paralleled that of PRA throughout the immersion period (P < 0.005). Although 15 of the 16 subjects manifested a significant suppression of PA, eight subjects manifested either a blunted or absent natriuretic response during NI. These data demonstrate that the elevated PRA and PA levels of cirrhosis are suppressed promptly and markedly in response to a standardized volume stimulus. The parallelism of changes in PRA and PA supports the importance of the renin-angiotensin axis in the control of volume-regulated changes in PA in cirrhotic man. Finally, our demonstration of the dissociation between the marked suppression of circulating PA and the absence of a natriuresis in eight of these subjects suggests strongly that aldosterone plays only a permissive role in relation to the impaired sodium excretion of cirrhosis.
DESPITE documentation of excessive levels of plasma renin activity (PRA) and plasma aldosterone concentration (PA) in patients with decompensated alcoholic cirrhosis, the responsible mechanism or mechanisms remain controversial. 1 " 8 Furthermore, the responsiveness of PRA and PA to alterations of extracellular fluid volume and postural stimuli are uncertain and there is a recent report suggesting that PRA and PA are unaffected by extracellular fluid volume expansion in many cirrhotic patients. 4 The assessment of the responsiveness of PRA and PA to volume alteration has been confounded by the distinct hazard of infusing exogenous volume expanders in patients who already are markedly volume-expanded. Furthermore, sequential sampling of blood for kinetic assessment of PA produces a degree of volume contraction which, in and of itself, may perturb the experimental results. Since recent studies from our laboratory have demonstrated that the central hypervolemia induced by immersion produces a prompt and profound suppression of the renin-aldosterone system without concomitant alteration of plasma composition, 9 " 12 we undertook to char-acterize the effect of an immersion-induced volume stimulus on the responsiveness of the renin-aldosterone system in patients with decompensated cirrhosis. Furthermore, the recent development of a new micromethod for the determination of PA (J. Sancho and E. Haber, unpublished observations) has facilitated the kinetic assessment of aldosterone responsiveness during immersion. This micromethod enabled us to measure serial aldosterone levels using an extract of 100 ptl or less of plasma thus obviating the induction of a volume-contracted state.
In view of the controversy that surrounds the precise role of elevated aldosterone levels in mediating the avid sodium retention of cirrhosis, we anticipated that the present study would help clarify the relative contribution of hyperaldosteronism to the abnormalities of renal sodium handling in cirrhosis.
Methods

STUDY SUBJECTS
Sixteen patients with alcoholic liver disease were studied on 19 occasions (subject no. 8 was studied on four occasions during a 24-month period). Each patient had historical, physical, and laboratory evidence of chronic cirrhosis of the liver, which was confirmed on direct examination of hepatic tissue obtained either by biopsy or autopsy in 14 instances. The age of the subjects ranged from 41 to 57, with a mean of 49 years. Liver disease was associated with excessive alcohol intake in all 16 subjects and all were negative for hepatitis B surface antigen by radioimmunoassay. None had clinical findings suggesting underlying or antecedent cardiac or renal disease. Significant vascular, parenchymal, or neoplastic renal disease was excluded by history, physical examination, and laboratory tests, and in eight of the 16 subjects by intravenous pyelography.
Clinical and laboratory findings for the subjects are presented in Table 1 . They were classified as either group I or group II on the basis of their natriuretic response during immersion (see Results for criteria for classification). Fourteen were studied during decompensation, arbitrarily defined by the presence of unequivocal ascites and/or edema. Compensation is defined as minimal or no clinically apparent ascites or edema ( Table 1) .
Routine laboratory investigation included the determination of serum bilirubin, albumin, liver enzymes, electrolyte concentrations, and prothrombin, bleeding, and clotting times. Other tests were carried out according to clinical indications. TECHNIQUES The subjects were housed during the entire study in an environmentally controlled metabolic ward at a constant temperature. Each consumed a daily diet containing 10 mEq sodium, 100 mEq potassium, and 800-1000 ml of water. The composition of the diet remained unchanged throughout the study. Twenty-four hour urine collections were made daily for determination of sodium, potassium, and creatinine. After a mean of 5 days on the constant diet, at which time the urinary sodium was less than 10 mEq/24 hours and the weight remained stable, each subject underwent a control study, followed 2 or 3 days later by water immersion to the level of the neck (immer-sion). One of the subjects (no. 8) underwent additional studies 7 and 24 months after the initial study.
The experimental protocols on the control and immersion study days were identical and were as follows: after 11 hours of overnight water deprivation, the subject was awakened at 7 a.m., voided, and sat quietly for 1 hour. At 7:15 a.m., an oral water load of 400 ml was administered, and at 8 a.m. the subject voided again. Immediately after voiding, a 20-gauge 1.5-inch Teflon catheter and an accompanying Teflon stylet (Jelco Co.) was inserted into a forearm vein, permitting sequential sampling of blood without the use of an anticoagulant or an intravenous infusion. Immediately after insertion, venous blood was drawn with a chilled 10-ml polystyrene disposable syringe and sample was collected for renin and aldosterone measurements in a chilled Vacutainer tube containing EDTA. Blood was also drawn for determination of electrolyte and creatinine concentration and hematocrit. After the sample was obtained, a sterile stylet was inserted into the catheter. The subject then resumed a seated position for 6 hours (8 a.m. to 2 p.m.). During the control study, the subjects sat quietly outside the immersion tank for the 6hour period. During the immersion study, the subjects sat in the study tank immersed in water to the neck for 4 hours (9 a.m. to 1 p.m.), preceded by 1 hour of quiet sitting outside the tank (preimmersion hour). Eight of the subjects underwent an additional hour of quiet sitting outside the tank following cessation of the immersion studies (recovery hour).
Each subject was requested to void spontaneously at hourly intervals during the study. To void during immersion, the subjects stood briefly on a platform within the immersion tank after collection of blood for PRA and PA. To maintain adequate urine flow, 100 ml of water were ingested hourly during both the control and immersion studies. Sodium, potassium, creatinine, and osmolality were measured in all urine samples. Blood (4 ml) was collected at 30-minute intervals for renin and aldosterone determinations with an additional determination at 15 minutes of recovery. All subjects were weighed every day at 7 a.m. after voiding, and before and after each study. Immersion was carried out in a waterproof tank described in detail in previous communications. 9 ' 12 The normal PRA and PA response to immersion was defined previously in nine normal subjects and has been reported elsewhere. 10 Plasma renin activity was measured by radioimmunoassay according to the method of Haber et al. 13 Renin substrate was quantitated in plasma by the method of stoichiometric conversion of renin substrate to angiotensin I (Al) 14 using exogenous human renin (kindly supplied by Dr. Eve E. Slater). Plasma (20 /AI) was incubated with 1.0 ml of 0.1 M Tris-acetate buffer with lysozyme (pH 7.40), 2,3-dimercaptopropanol, and 8-hydroxyquinoline, and 200 /nl of human renin (0.12 Goldblatt units) at 37°C. After 3 hours and 6 hours, 50-and 5-/xl samples were removed in duplicate and assayed for AI by radioimmunoassay. 13 Renin substrate was expressed as ng Al/ml of plasma.
Plasma aldosterone was measured by a micromethod (J. Sancho and E. Haber; unpublished observation), based on a modification of the radioimmunoassay technique of Poulsen et al. 15 The modification employs a new antibody with a very high affinity constant (1.7 x 10~" M/liter), so that 50% displacement is obtained with only 8 pg of aldosterone. With this modification, aldosterone can be assayed with only 0.1 ml of plasma. The coefficient of variation for interassay determinations is 10.2% [68.9 ± 7.1 (SD) pg/ml] and the intra-assay variation is 5.6% [185 ± 4.8 (SD) pg/ml].
Analytic methods for sodium, potassium, and creatinine have been reported previously. 9 -12 Urine and serum were analyzed for total solutes with a Fiske osmometer. Aldosterone excretory rates (AER) were determined by the method of Kliman and Peterson. 16 In the presentation of the data, mean values are followed by the standard error of the mean as an index of dispersion. Data were evaluated statistically by paired or unpaired r-test or by twofactor analyses of variance for experiments having repeated measurements on the same subject. 17 If a significant effect was detected, the Newman-Keuls test was used to determine which treatment means were significantly different. 17 The Wilcoxon Rank test was used to evaluate ordinal data. 18 Differences with P < 0.05 were considered significant.
Permission for the study was obtained from each subject after a detailed description of the procedure and potential complications. The protocol was approved by the Human Experimentation Committees of the University of Miami School of Medicine and the Miami Veterans Administration Hospital and was in compliance with the principles set forth in the Declaration of Helsinki. No complications occurred.
Results
CLINICAL FEATURES
Fourteen of the 16 subjects were in a state of decompensation (the presence of unequivocal ascites and/or edema) while two were compensated ( Table 1 ). The two compensated subjects manifested the two highest serum albumin concentrations. Similarly, the aldosterone excretory rate of these two subjects was appropriate for individuals in balance on a 10 mEq sodium-100 mEq potassium diet [normal range in our laboratory is 37 ± 9 (SD) ^tg/24 hours]. In contrast, the mean AER for the 14 decompensated subjects was 79 ± 12 /ig/24 hours with eight having AERs exceeding the 95% confidence limit of 55 /xg/24 hours. Neither serum creatinine concentration nor 24- Results are the mean ± SE of 16 subjects. Two subjects were unable to void during the control study, and three subjects were unable immersion. V = urine flow rate; U Sa V = rate of sodium excretion; U K V = rate of potassium excretion; Cc, = creatinine clearance; Q,-, fractional excretion of sodium.
' P < 0.05 differences from control. t P < 0.005 differences from control.
to void during , x 100/Cc, = hour endogenous creatinine clearance differed between the two groups (P > 0.5).
URINARY SODIUM AND POTASSIUM
The effects of 4 hours of water immersion on urinary sodium and potassium excretion are shown in Table 2 and Figures 1 and 2. During quiet sitting (control), the rate of sodium excretion (U Na V) ranged from 0.8 to 1.9 /xEq/min. Water immersion to the neck (immersion) resulted in a highly significant increase in the mean U Na V compared with control, beginning with the initial hour of immersion. During the final hours of immersion, U Na V was on the average 55-fold greater than it was during the comparable control period (P < 0.025). Recovery was associated with a prompt return toward prestudy values (0.05 < P < 0.10 for recovery compared to preimmersion periods).
Examination of the individual natriuretic responses of the 16 subjects disclosed a continuum of markedly different responses ( Fig. 1 and 2 ). Despite the stimulus of 4 hours of immersion, subjects 4, 9, and 15 were unable to void during the immersion period. Subjects 3, 13, 14, 16, and 17 manifested a sluggish, albeit discernible increase in U Na V compared to prestudy values ( Fig. 1 ). These eight subjects with an absent or barely discernible natriuretic response were classified arbitrarily as group 1. In contrast, the remaining eight subjects manifested a profound natriuresis that equalled or exceeded the 37 ± 8 
FIGURE 2
Effect of water immersion on rate of sodium excretion (U N< y) and potassium excretion (U K V) in group II subjects. Data for U K V are expressed in terms of the absolute changes from the prestudy hour (hU K V). Shaded area represents the mean ± SE for 14 normal subjects undergoing an identical immersion study.'" All subjects showed a natriuretic response that equalled or exceeded that of normal subjects undergoing an identical study.
in documented for normal subjects during identical study conditions and ingesting an identical 10 mEq sodium, 100 mEq potassium diet. 10 The latter eight subjects were designated group II ( Fig. 2 ). As can be seen in Table 3 , basal U Na V during the prestudy hour for group II subjects exceeded that of group I, despite identical sodium and potassium intakes. Furthermore, mean U Na V for group II subjects exceeded that of group I during every hour of immersion (Table 3 ).
In light of the demonstration that immersion induced an increment in Q; r in many of the subjects in the present study, it was of interest to determine whether the immersion-induced increments in sodium excretion were attributable to the increments in Q r . An attempt to correlate ACc,. (change in Q; r from the prestudy hour) with AU Na V for each hour of study demonstrated that the magnitude of the natriuresis varied independently of alterations in Q r ( r = -0.118; P> 0.4).
Examination of the various clinical and laboratory indices disclosed a higher mean aldosterone excretory rate in subjects of group I than group II (113 ± 26 vs. 39 ± 11 £ig/24 hours, respectively; P < 0.025). In contrast, group I subjects did not differ from group II with respect to age, degree of edema or ascites, or to serum creatinine, albumin, blood urea nitrogen, and sodium levels (NS).
Fractional excretion of sodium (C Na /Cc r x 100) remained constant during control ranging from 0.006% to 0.013% for the entire group. Immersion resulted in an increase from 0.009 ± 0.004% to 0.337 ± 0.113% (P < 0.05). Cessation of immersion was associated with a prompt decrease in C Na /Q r x 100 to 0.066 ± 0.037%.
The rate of potassium excretion (U K V) did not vary significantly during control, ranging from 23 to 25 ptEq/ min. Immersion was associated with a kaliuresis compared to control, during all 4 hours of immersion. Recovery was associated with a prompt decrement in U K V to prestudy value.
A comparison of the kaliuretic responses during immer- 
SEQUENTIAL STUDIES IN A SINGLE PATIENT DURING A 24-MONTH PERIOD
It was possible to follow subject no. 8 prospectively during a 24-month period, and study him during water immersion on three separate occasions when his clinical status and degree of compensation varied markedly ( Fig.  3 ). During the initial study, in February 1974, the subject was markedly decompensated as manifested by the presence of massive ascites and edema and a serum albumin concentration of 2.7 g/100 ml. He was subsequently restudied in September 1974, and again in February 1976. During both of the latter studies, the subject was compensated as manifested by the absence of ascites and edema, and an increase in his serum albumin concentrations to 4.2 and 4.4 g/100 ml, respectively. As evident in Figure 3 , decompensation was associated with a markedly blunted natriuretic response during immersion (peak U Na V of 9 /j.Eq/min). A study of the subject when he had returned to compensation 7 and 24 months later disclosed a normalization of the natriuretic response.
URINE VOLUME AND Cc r (TABLES 2 AND 3)
Urine flow rate (V) during control ranged from 0.3 to 0.5 ml/min ( Table 2 ). Despite identical water intake during control and immersion studies, V throughout the 4 hours of immersion exceeded those observed during control (P < 0.01). Recovery was associated with a prompt return to prestudy levels (P > 0.5 for recovery compared to prestudy).
Creatinine clearance remained constant throughout control. Despite identical prestudy Q; r values during control and immersion, immersion was associated with a significant increment in Q r which was sustained during the initial 3 hours of immersion (P < 0.005 compared to control). Of the eight subjects in whom recovery hour studies were available, recovery was associated with a prompt reversal, with a resultant mean decrease in Q r of 33 ml/min (P < 0.05 for recovery compared to hour 4 of immersion).
In addition to demonstrating that immersion induced an increase in Co, compared with the control study in the same subjects, it was also of interest to compare the Cc r changes with a group of normal subjects undergoing an identical protocol. A comparison of the individual changes in Q r of the cirrhotic subjects in the present study with the Q; r changes of a previously studied group of 14 normal subjects undergoing immersion on an identical 10 mEq sodium-100 mEq potassium diet 10 is depicted in Figure 4 . Of the 13 cirrhotics who were able to void during immersion, four manifested changes in Q r that were comparable to the changes encountered in the normal subjects. In contrast, the remaining nine cirrhotics manifested increments in Cc that exceeded the increments seen in normal subjects (Fig. 4) . The magnitude of the increment in Cc r during immersion was independent of the preimmersion Q. r levels (r = 0.143; P > 0.5). Of the nine subjects who manifested exaggerated increments in Cc r during immersion, five had preimmersion creatinine clearance exceeding 115 ml/min while three had preimmersion Q r values ranging from 85 to 94 ml/min.
PLASMA RENIN
Plasma Renin Activity
The effects of 4 hours of immersion on PRA are shown in Figures 5 and 6 and Table 4 . For nine of the subjects, basal PRA levels were within the normal range for normal seated subjects on an identical sodium and potassium balance (± 2 SD of mean is 3.4-13.9 ng/ml per hour). Of the remaining seven, one had a suppressed basal PRA level of 2.6 ng/ml per hour, while six had distinctly elevated PRA levels. When divided according to their natriuretic response, five of the six subjects with elevated PRA levels were in group 1. The mean PRA responses are shown in Table 4 and Figure 5 . Since subject no. 4 had markedly elevated PRA levels which were 6-fold greater than the group mean, he will be omitted from all group computations for PRA on the basis of Chauvenet's criteria, and considered below. Mean PRA throughout the control study and in the prestudy hour of immersion were appropriate for sodium-depleted subjects and did not differ from mean PRA for normal seated subjects in balance on an identical sodium and potassium diet 10 (P > 0.4).
Immersion resulted in a significant suppression of PRA beginning within 60 minutes of study (P < 0.005). By 180 minutes, PRA was suppressed to 30 ± 4% of the prestudy value. Cessation of immersion was associated with a prompt return toward prestudy values as early as 15 minutes of recovery; by 30 minutes of recovery, PRA was not different from the prestudy value (P > 0.2). When the alterations of PRA were considered separately for the subjects in groups I and II, an interesting pattern emerged. As shown in Figure 5 , the basal PRA levels prior to immersion in group I subjects were 2-fold greater than the comparable values in group II. Despite these differences, the 69 ± 8% suppression of PRA in subjects in group I was not different from the 78 ± 5% suppression manifested by group II subjects during immersion (P > 0.2). Subject no. 4 had markedly elevated PRA levels during control ranging from 61 to 99 ng/ml per hour. Immersion was associated with a decrease from 66 ng/ml per hour during the prestudy period to 45-49 ng/ml per hour during the final hour of immersion. Cessation of immersion was associated with a prompt increase in PRA to 70 and 90 ng/ml per hour at 15 and 30 minutes of recovery, respectively. Although PRA suppressed, the nadir value of 44.7 ng/ml per hour exceeded markedly the nadir PRA values of 6.9 ng/ml per hour or less manifested by the remaining 15 subjects.
Renin Substrate
Renin substrate was determined on nine occasions in six of the cirrhotic subjects. Values at 3 and 6 hours were comparable, confirming exhaustion of endogenous substrate. The group mean for renin substrate levels was 479 ± 86 ng/ml, significantly less (P < 0.005) than the 1085 ± 121 ng/ml in a group of normal subjects undergoing an identical experimental protocol. 10 Despite the lower mean substrate level, individual substrate concentrations did not correlate with the corresponding PRA levels (r = -0.239; P > 0.5): the blood specimen with the lowest substrate level (99 ng/ml) was associated with a corresponding PRA level of 15.3 ng/ml per hour. Conversely, subject no. 1 who had the lowest PRA levels among the 16 cirrhotics (1.8-2.6 ng/ml per hour) had renin substrate levels that were among the highest in the cirrhotic group (533-864 ng/ml).
Although renin substrate determinations were obtained for only six of the cirrhotic subjects, an attempt was made to determine whether renin substrate levels correlated with renal function as assessed by 24-hour endogenous clearance. The changes in creatinine clearance documented in the present study varied independently of renin substrate levels (r = 0.173; P > 0.5).
Replication of PRA Responses to Immersion
In order to determine the reproducibility of the PRA response to immersion, subject no. 8 underwent two immersion studies (8A and 8B) separated by a 5-day period during one of his multiple admissions. As shown in Figure 6 , the magnitude and temporal profile characteristics of PRA suppression in response to immersion were similar on both occasions.
Sequential Studies in a Single Subject during a 24-Month Period
As noted earlier, it was possible to follow subject no. 8 prospectively during a 24-month period, and study him during water immersion on three separate occasions when his clinical status and degree of compensation varied markedly (Fig. 7) . During the initial study (February 1974), marked decompensation was associated with marked elevation in basal PRA level to 19.0 ng/ml per hour. Immersion produced an 80% suppression of PRA (3.6 ng/ml per hour at 180 min). During the subsequent two studies 7 and 24 months later, when the subject was compensated, basal PRA levels had decreased to normal levels. All three studies were associated with suppression of PRA to comparable levels.
PLASMA ALDOSTERONE
Aldosterone Responsiveness
The effects of 4 hours of immersion on PA are shown in Figure 8 and summarized in Table 4 . Eleven of the subjects had basal PA levels that were within normal range for normal seated subjects on an identical sodium and potassium balance (± 2 SD of mean is 135-599 pg/ ml). Of the remaining five, one had a low basal PA level of 132 pg/ml, while four had distinctly elevated PA levels (612-975 pg/ml). When divided according to their natriuretic responses, all four subjects with elevated PA levels Shaded area represents the mean ± SE for nine normal control subjects undergoing immersion while receiving an identical 10 mEq sodium-100 mEq potassium diet. 10 The immersion-induced suppression of PA in group II subjects paralleled that of normal controls undergoing an identical study. Although prestudy PA levels in group I subjects were 2-fold greater than both group II subjects and normals, PA suppressed markedly during immersion, attaining levels not different from group II or normal subjects.
were in group 1. The mean PA responses for the entire group of 16 subjects are shown in Table 4 . Mean PA throughout the control study and during the prestudy hour of immersion were appropriate for sodium-depleted subjects, and these values did not differ from the mean PA of 374 ± 46 for normal seated subjects undergoing an identical study 10 (P > 0.4). Immersion resulted in a significant suppression of PA in 15 of the subjects (only subject no. 4 failed to suppress PA), beginning within 60 minutes of study (P < 0.05 compared with control). By 240 minutes, PA was suppressed to 41 ± 3% of the prestudy values (P < 0.005 compared with control). Cessation of immersion was associated with a prompt increase to prestudy levels as early as 15 minutes of recovery (P > 0.1). Figure 8 depicts the alterations in PA for group I and group II subjects. The basal PA levels prior to immersion in subjects of group I were almost 2-fold greater than the comparable values in group II (P < 0.05). Despite these differences, the magnitude and the temporal profile of the immersion-induced suppression of PA of the two groups was similar; by 240 minutes, the 66 ± 6% suppression of PA manifested by group I subjects was not different from the 60 ± 4% suppression of group II subjects (P > 0.5). Similarly, the extent of recovery was comparable in the two groups (94 ± 9% of preimmersion values for group I vs. 90 ± 15% for group II; P > 0.5). VOL. 41, No. 6, DECEMBER 1977 
Replication of PA Responses to Immersion
To determine the reproducibility of the PA response to immersion subject no. 8 underwent two immersion studies (8A and 8B) separated by a 5-day period during one of his multiple admissions. As shown in Figure 6 , basal PA levels were comparable (437 and 480 pg/ml). The degree of suppression of PA induced by immersion was identical on both occasions (63% at 240 min).
Sequential Studies in a Single Subject during a 24-Month Period
As noted earlier, it was possible to follow subject no. 8 prospectively during a 24-month period, and study him during water immersion on three separate occasions when his clinical status and degree of compensation varied markedly (Fig. 7) . During the initial study (February 1974), marked decompensation was associated with an elevation of basal PA level to 765 pg/ml. Immersion produced a 78% suppression of PA (170 pg/ml at 240 min). In the subsequent two studies 7 and 24 months later, when the subject was compensated, basal (preimmersion) PA levels had decreased to normal levels (437 and 252 pg/ml, respectively). All three studies were associated with comparable decreases of PA when expressed as a percentage of preimmersion values. Recovery studies were carried out during the latter two studies, disclosing a return of PA to preimmersion levels.
RELATIONSHIP BETWEEN PRA AND PLASMA ALDOSTERONE
An examination of the relationship between suppression of PRA and PA (expressed in terms of percent change from the preimmersion hour) disclosed that these two variables were suppressed in a parallel manner for both group I (Y = 0.94X + 22; r = 0.953; P < 0.001) and group II subjects (Y = 1.03X + 25; r = 0.885; P < 0.005). The slopes of both regression lines did not differ from that of normal subjects (F = 0.02 for group I vs. normals; F = 0.04 for group II vs. normals).
RELATIONSHIP OF PA SUPPRESSION TO RENAL SODIUM EXCRETION
In light of the demonstration of a marked suppression of PA levels during immersion, it was of interest to correlate the immersion-induced increments in sodium excretion with the alterations in PA levels. Examination of the nadir PA levels during peak U Na V disclosed that the relationship between these two variables was best described by the expression Y = Aln(X) + B where Y = PA values (pg/ml) and X = U Na V (/i.Eq/min). This relationship (Y = -67 ln(x) + 378) attained statistical significance (r = -0.654; P < 0.01).
RELATIONSHIP OF PRA TO RENAL FUNCTION
Since immersion induced a suppression of PRA with a concomitant increase in Q; r in many of the present subjects, it was of interest to assess whether the increments in Q; r varied inversely with alterations of PRA. As shown in Figure 9 , the increments in Q r during immersion varied independently of the immersion-induced decrement in PRA (r = -0.194; P > 0.5). Furthermore, to exclude the possibility that the variability in prestudy PRA levels might obscure a significant relationship between these two variables, the changes in Cc r were also examined in relationship to the nadir PRA values induced by immersion. As shown in Figure 9 , the increments in Q,. during immersion varied independently of the absolute nadir PRA levels during immersion (r = -0.157; P > 0.5). While for eight of the 13 subjects, the nadir PRA values were <2.5 ng/ml per hour; comparable nadir PRA values were associated with either small increments in Q r (subject no. 8, 3.5 ml/min) or marked increments in Cc (subject no. 16; 48 ml/min).
SERUM ELECTROLYTES AND OSMOLALITY
Immersion did not alter significantly serum sodium or potassium concentration in comparison to the values obtained immediately prior to each study, except for a small decrease of serum sodium of 1 mEq/liter during control (group I). Similarly, serum osmolality did not change significantly during immersion.
Discussion
It is well established that patients with advanced liver disease frequently manifest marked elevations in PRA and PA. 1 " 8 However, much controversy exists with regard to the mechanism(s) responsible for the stimulation of the renin-aldosterone system, the extent to which impaired hepatic function may confound the interpretation of the hyperreninemia and hyperaldosteronism of advanced liver disease, and the extent to which the renin-aldosterone system is responsive to volume stimuli in the setting of advanced liver disease. The present study was carried out in an attempt to delineate further the mechanism(s) mediating the stimulation of the renin-aldosterone system and the responsiveness of the system to a previously characterized and quantitated volume stimulus, i.e., headout water immersion. 9 " 12 Although it is known that cirrhosis is accompanied by perturbations of several components of the renin-angiotensin system, including renin substrate, it was elected to characterize the system and its responsiveness in the present study using PRA as an index. This approach was prompted by the recent demonstration by Kondo et al. 5 of an excellent correlation between PRA and angiotensin II in cirrhotic patients.
FREQUENCY OF ELEVATED PRA LEVELS
Disagreement centers on the frequency with which PRA stimulation occurs in cirrhosis and the role of the renin-angiotensin stimulation as a determinant of decompensation (the presence of ascites and/or edema). Thus, Brown et al. 19 were able to correlate elevated PRA levels with the extent of compensation, reporting that PRA levels were in the normal range in cirrhotic patients without ascites, whereas PRA was elevated in cirrhotic patients with ascites. In contrast, Kondo et al. 5 reported that PRA levels were increased significantly in cirrhotic patients with and without ascites, compared to normal control subjects. The results of the present study suggest that the extent to which PRA levels are elevated in cirrhotic patients varies independently of the state of compensation. Thus, basal PRA levels were elevated in only six of the 14 decompensated patients.
FREQUENCY OF ELEVATED PA LEVELS
Although many earlier studies demonstrated a profound degree of secondary hyperaldosteronism in patients with cirrhosis and ascites, many of these reports have been based upon urinary excretory and secretory rates calculated from analysis of the urinary metabolite. Since the excretory pattern of aldosterone metabolites is altered in the presence of hepatic or renal impairment, 20 ' 21 the interpretation of these latter studies is difficult. Rosoff et al. 6 recently attempted to circumvent these difficulties by delineating aldosterone stimulation in cirrhosis by measuring plasma aldosterone levels. These investigators reported markedly elevated baseline aldosterone levels in all their cirrhotic patients (51-451 ng/100 ml; erect posture) which were 4-to 6-fold greater than those found in normal subjects under comparable study conditions. In contrast, the present observations of replicate determinations under steady state conditions in a large group of cirrhotic patients differ from the findings of Rosoff and co-workers. 6 While the group mean for PA in the present study was 17% greater than the group mean for PA values for normal seated subjects (P > 0.4), only six patients had PA levels that were distinctly elevated and exceeded the confidence limits for normal subjects studied under identical conditions. The reason for the lessened prevalence of hyperaldosteronism in the present study is not readily apparent. Although Rosoff et al. fi noted that none of their patients were encephalopathic or had renal failure, it is conceivable that their study population had a more advanced stage of hepatic dysfunction and portal hypertension than the decompensated patients in the present study.
RESPONSIVENESS OF PRA AND PA TO VOLUME ALTERATIONS
While the incidence and magnitude of stimulation of the renin-angiotensin-aldosterone system in cirrhosis remains unsettled, the responsiveness of this axis to manipulations of posture and volume remains even more controversial. Although there have been a few previous investigations of the responsiveness of the renin-angiotensinaldosterone axis to volume alterations, 4 ' 8 significant differences in experimental design render comparisons difficult. Chonko et al. 4 studied 11 patients with Laennec's cirrhosis following chronic sodium loading using a 300 mEq Na diet. They reported that the initially elevated PRA levels were not suppressed in six of 11 patients despite a weight gain of 6.1 ± 0.8 kg. These six patients also failed to suppress PA. Similarly, Rosoff et al. 6 studied the PRA and PA response to volume and postural stimuli in a group of patients with cirrhosis and refractory ascites and reported that, whereas their patients manifested greater than normal elevations of PRA and PA in response to the assumption of the upright posture, PRA and PA were not enhanced further by volume manipulations. Thus, dietary sodium restriction failed to increase further either PRA or PA levels. Moreover, the induction of a 11.4-kg weight loss in two patients following the administration of furosemide and triamterene resulted in either no change or a decrease in PA concentrations."
There are no comparable investigations of the responsiveness of the renin-angiotensin-aldosterone axis to acute volume expansion, presumably because the infusion of exogenous volume expanders constitutes a distinct hazard in patients who are already markedly volume-expanded. The demonstration that (1) water immersion obviates this hazard since it is associated with a decrease in total plasma volume and body weight rather than with the increase that attends saline infusion and (2) the rapid reversibility of the "volume" effect coincident with cessation of immersion has commended its use in the current investigation." Furthermore, in contrast to saline infusion, the "volume stimulus" induced by immersion occurs without concomitant changes in plasma composition including serum sodium and potassium concentration, thereby obviating alterations in these parameters which may by themselves alter PRA and PA. 22 -23 The results of the present study demonstrate that the renin-aldosterone system is highly responsive to a standardized volume stimulus. Thus group II subjects who manifested an appropriate natriuresis in response to immersion were able to suppress both PRA and PA in a manner analogous to that of normal subjects studied under identical experimen- VOL. 41, No. 6, DECEMBER 1977 tal conditions. Of greater interest, even the group 1 subjects whose PRA and PA levels were markedly higher than the levels of group II subjects, still were able to suppress PRA and PA to nadir levels that were comparable to those of both normal and group II subjects. Cessation of immersion in both group I and group II subjects was associated with a prompt recovery in PRA and PA levels to the prestudy levels.
PA AS A DETERMINANT OF SODIUM EXCRETION
The demonstration of a suppression of PA in group I subjects is of great interest and may conceivably shed further light on the relative contribution of the hyperaldosteronism to the avid sodium retention of cirrhosis. Previous studies from this laboratory on cirrhotic subjects undergoing immersion during spironolactone blockade have suggested that the elevated aldosterone level of cirrhosis is not the major determinant of sodium retention. 12 The current demonstration of a dissociation between the suppression of circulating aldosterone and the absence of a natriuresis in group I subjects extends earlier observations from this laboratory 12 and suggests strongly that aldosterone merely plays a permissive role in the impaired sodium excretion of cirrhosis. Only when distal delivery of filtrate is enhanced by an experimental or pharmacological maneuver does aldosterone exert an active role in renal sodium handling in cirrhosis.
RENIN-ANGIOTENSIN SYSTEM AS A DETERMINANT OF PA
Although many studies have demonstrated that alterations of aldosterone secretion in response to volume changes are mediated primarily by alterations of the renin-angiotensin system, 24 " 2 " some investigators have questioned this formulation. 27 -28 In contrast to the above studies on both normal man and normal experimental animals, there have been few studies which have addressed themselves to this question in the setting of cirrhosis. Recent studies" using a specific antagonist of angiotensin II (saralasin or P-113) demonstrated that the blockade induced by the agent effectively lowered plasma aldosterone levels in four of five salt-deprived patients who had elevated baseline plasma aldosterone levels. Since P-113 is a partial agonist and is capable of increasing plasma aldosterone in man in a number of clinical and experimental settings, 29 it would be attractive to demonstrate the dependency of aldosterone on the renin-angiotensin system using experimental manipulations other than pharmacological blockade. The current demonstration of a parallelism between the suppression of PRA and PA in response to immersion is consistent with the postulate that the stimulation of aldosterone secretion in cirrhosis is mediated to a great extent by the renin-angiotensin system. Furthermore, the demonstration that the only subject (no. 4) who failed to suppress PA also manifested an attenuated PRA response to immersion supports this interpretation. Thus, the present study complements the studies utilizing Saralasin.
RELATIONSHIP OF PRA TO RENAL FUNCTION
Recent studies have demonstrated that the blood vessels of the normal human kidney are remarkably sensitive to angiotensin, 30 suggesting that circulating angiotensin may be a mediator of renal vascular tone. The present observation of an immersion-induced suppression of PRA with concomitant increments in Cc r in many of the subjects raised the possibility that the immersion-induced enhancement in renal perfusion was mediated by alterations in circulating angiotensin. Examination of the relationship between the increments of Cc r and the alterations in PRA failed to disclose a significant correlation, however. In point of fact, the absence of such a correlation should not be surprising. Hollenberg et al. 30 demonstrated recently that the intra-arterial infusion of angiotensin, 1 ng/min, induced a reduction in mean renal blood flow. Assuming a normal renal plasma flow of approximately 300 ml/min, one can calculate from their data that an increase in the in-flow concentration of angiotensin of as little as 3 pg/ml was capable of inducing the observed decrement in renal perfusion. 30 Conversely, decrements of the same magnitude, which would not be detectable by current radioimmunoassay procedures, may be capable of enhancing renal perfusion and concomitantly glomerular filtration rate.
Because the renovascular bed is exquisitely sensitive to small increments in circulating angiotensin II (A II), it is difficult to draw inferences regarding A II concentrations at the level of the renovascular bed on the basis of determinations of peripheral PRA levels. The delineation of the etiological role of the renin-angiotensin system in mediating the renal functional impairment of cirrhosis awaits the development of more specific angiotensin antagonists which will permit the blockade of A II at the level of the renovascular bed without concomitant hypotension.
In conclusion, the present study demonstrates that the central hypervolemia induced by immersion induces a prompt and profound suppression of PRA and PA in a majority of subjects with decompensated Laennec's cirrhosis and avid renal sodium retention.
The demonstration of a dissociation between PA suppression and renal sodium handling in group I subjects, wherein they failed to manifest a natriuresis despite a 66% suppression of PA to levels equalling those of both normal subjects and group II subjects, lends strong support to the concept that the elevated aldosterone level in cirrhosis is not the major determinant of the sodium retention. The current demonstration of a parallelism between the suppression of PRA and PA in response to immersion supports the role of the renin-angiotensin axis as a major mediator of aldosterone secretion in cirrhosis. Finally, the present study extends previous observations from this laboratory 12 demonstrating that immersion is capable of inducing marked increments in Cc r in a majority of cirrhotic patients. The demonstration of prompt increments in Cc r during immersion with prompt offset following cessation of immersion suggests that immersion is capable of reversing the elevated renal vascular tone of cirrhosis. Additional studies using angiotensin antagonists with greater selectivity for the renal vascular bed are necessary to assess whether the "normalization" of Cc r induced by immersion is mediated by concomitant alterations in the renin-angiotensin system.
